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Governing Equations 
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Mechanical restoring force for a given displacement, x 



Electrostatic Force 



Equilibrium occurs when F m = F E : 



where, 



A 

Problem: 

Deflection, "x", is a strongly non-linear function of area, "A'\ 
Therefore, actuation approach based on fixed voltage and 
uniform increments in A will not lead to uniform increments in 
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Mathematically: 

' dx V z 



dA C[3x 2 -4gx+g 2 ] 
An estimate of the largest step in "x" made by uniformly increasing "A" is: 



■ dAl. 



where in the maximum required value of x; Ax*, in the maximum x step. 
But A^ = ^_ bydesign 

c 

Ao*=^2X m (g-x m ) 2 by model 

therfore 

A* = V 2 Cx^g-x_Y 

simplifying: 
*m. _ (2"-I)(g-3^ m ) 

The rpsolution of the actuator can be defined as one part in M, where 
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Non-linearity is worst for g = 3xn„ and improves as g increases. 

Example: 

g = 3.lx m 

Factor of 2(H- loss of resolution (e.g. 8 bit system provides ~3 bit resolution) 

i 

Resolution Reduction Factor, R is: 



Improvement in resolution is possible, by increasing **g" 
i g R 



3-JXcn 

6.7x m 



("silicon single-gap structures) 



21 
3 

2 ifg >=s 5x m> only 1 bit of resolution is lost 

1 .5 silicon double-gap structures 



Price: Increase driving voltage 

i 

i 

therefore: 
and • 

?i .Si -*i 

is thetratio of maximum required voltages for two different gaps. C,A, and ^ unchanged. 
If feT^, and g. =3^, 
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V 2 ^2V, 

Alternative solution: Linearize 

AV 2 =Cx(g-x) 2 

this could be linearized by imposing the constraint that: 
V 2 <* (g-x) 2 or y = k(g-x) 
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then ^ = -^x 
fc 

findjvalueof k: 




For the silicon structures with a 2.5 jim gap: V, "* 70V and V f * 50V 
How to make V = k(g—x) ? 

Input to system (binary) is a linear representation of x. Use the data bus to modify voltage 
to each actuator: s 
V 0 = kg 



3 bit system 



Data2-IJ~ Data 1-1 1 Data 0-1 1 
V=V 0 -RI 1L -| ni 
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Data 2 



Data 1 
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Parallel current sources- 
Device current set by 
geometry 



Solution developed by Mark Horenstein 
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^Maximum value of digital 



bozol 
\% — MATLAB PRQGRAM— 

^Example of linearizing the deflection versus digital input curve. 
%Requires that the voltage applied to the electrodes be reduced as 
%the digital input n goes up from 0 to N (where n » 16, 128, 256 f etc) 

clo ? e ,», clear; %close any previous plots and reset 

variables 
N-256; 

input 2A n where n=O...N (8 bits in this example) 

*/* 5 0; ■ «J ^elastic restoring force in 

N/m (typical) 

e ? 53 8.85e-l?; %electric permittivity of air 

side = 250e-6; ^dimension of each side of actuator 

Area = sideA2; %total area of actuator 

Ao«Area/N; ^smallest increment of area 

(area increment per digital bit) 

gap = 5e-6; ' %spacing between actuator and 

activation electrode 

dy == gap/1000; ^incremental deflection to be used 

in iteration 1 
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for n=l:N; \ 
n for n=*l, . .n: 

V=40*(l-n/(8*N)); 



%Plot y versus digital input 



%v is a function of n. Equal to 40 v at start, decreases 
- ' L . , ... Wn a straight line 

function with n. I think we can do this 

! %in a straightforward manner electronically in VLSI. 

% Iteration to solve for deflection y as a function of digital input n 

y=0; %initialize deflection to zero 

Fm « k*y; : %compute magnitude of 

mechanical force 

Fe = eo*Ao*n^VA2/(2*(gap-y)A2); ^compute magnitude of electrostatic force 

%(Total area is n times Ao) 
while Fm < Fe; 
def 1 ecti on 



% 



Y - y + dy; 
Fm = k*y; 



%Try a slightly larger 

^Recompute magnitude of 

^Recompute magnitude of electrostatic force 

%Get 

%save this value of y(n) for 
^iterate over all 

%Plot deflection in microns 



O mechanical force 
jy Fe « eo*Ao*n*VA2/(gap-y)A2; 

out of loop when Fm « Fe. 
end 

Y(n)=y; J 
later plotting 
end 

values of n from 0 N 

%0one with iteration 
plot(Y*le6) * 
versus n 

i 

^suggestions variations on the program: 

%set V to a fixed 40 v; this change will demonstrate non-linearity in area vs n 
curve. 

*set v to 40j(n/N) and change Ao*n to Area; this change produces the usual nonlinear 
SSdeflection versus voltage curve. 
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